Using [ 3H]corticosterone as a probe, corticosteroid-binding protein (CBP) was detected in eight out of eight isolates of Candida albicans, of both A and B serotypes. The apparent dissociation constant ( K d ) in the various isolates ranged between 8 and 19 nM; the binding capacity varied from 122 to over 2400 fmol (mg cytosol protein)-'. There was no correlation between the amount or affinity of CBP and isolate virulence for murine hosts. Further analysis revealed demonstrable CBP in six out of six Candida species other than C. albicans. One isolate of C. tropicalis has been identified which fails to bind [3H]corticosterone. Saccharomyces cerevisiae, Neurospora crassa and Paracoccidioides brasiliensis also failed to bind [3H Jcorticosterone. Preliminary attempts were made to determine functions mediated by CBP in Candida, but in vitro growth, phase conversion and glucose oxidation by Candida were unaffected by the addition of a variety of steroid hormones. These data indicate that the presence of CBP in Candida does not correlate with either virulence or serotype. The physiological significance of CBP remains to be determined.
INTRODUCTION
Evidence is accumulating to indicate that fungi utilize message molecules in a fashion analogous to mammalian hormones (Barksdale, 1969; Gooday, 1974; Betz et al., 1981) . We recently described the existence of a corticosteroid-binding protein (CBP) in a strain of Candida albicans derived from a clinical isolate and hypothesized that it might represent a primitive hormone receptor (Loose et al., 1981 ; . Furthermore, lipid extracts of either the fungal cell pellet or the conditioned growth medium yielded a substance which could competitively displace a [3H]corticosterone probe bound to the CBP (Loose et al., 1981) . We speculate that this substance represents an endogenous ligand for the binding protein, and is presumed to be hormone-like and released by the fungus into the medium. It is of great interest that not only can mammalian corticosteroids bind to the fungal CBP but the fungal ligand can competitively displace corticosteroids from mammalian glucocorticoid receptors (Loose et a/. , 198 1) . The potential for a bidirectional interaction between infecting agent and host suggested to us the possibility that this CBP may have important clinical ramifications. In order to explore this hypothesis further, we examined pathogenic and non-pathogenic fungi to determine the distribution of CBP. In this paper we describe the results of our analysis of CBP in several isolates of C . albicans, species of Candida other than C. albicans, and other selected fungal genera including Saccharonryces, Paracoccidiodes and Neurospora.
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M E T H O D S
Materiuls. [ 1 ,2,6,7 (n)-3H Jcorticosterone (57 Ci mmol-I, 2-1 TBq mmol-I) was purchased from Amersham and corticosterone from Steraloids (Wilton, N.H., U.S.A.) . Sephadex G-50 was obtained from Pharmacia and culture media were purchased from Difco. All other materials were of reagent grade, purchased from Sigma unless specifically noted.
Candida culture and analysis. Strains of C. albicans and other Candida species were subcultured on Sabouraud's agar slants and stored at 4 "C. Loopsful of organisms from the slant were used to inoculate 5 ml of Yeast Nitrogen Base broth (YNB) supplemented with 0.5% (w/v) glucose. These subcultures were incubated at 35 "C for 24 h, and the cells were then diluted to an optical density of 0.22 at 600 nm. The diluted cell suspension (5 ml) was used to inoculate 250 ml of YNB (with 0.5% glucose), which was incubated for 48 h in agyratory waterbath (200 r.p.m.) at 35 "C. At this time, all cultures were in plateau phase of growth (identical optical density readings at least 8 h apart). For the binding studies, cells were harvested by centrifugation, washed in sterile saline, and disrupted by grinding with glass beads as described below. Samples were routinely cultured on blood agar plates to ensure that there were no contaminating organisms.
The Candida strains studied were all derived from clinical isolates and were speciated by standard methods (Silva-Hutner & Cooper, 1980) . Some isolates were a gift from Dr Carlyn Halde, University of California, San Francisco. Serotyping of Candida albicuns was done using a slide agglutination technique (Drouhet er al., 1971) with hyperimmune rabbit sera absorbed or unabsorbed with type B cells and specific anti-A factor serum (Stiller et a/., 1982) .
Virulence of various laboratory isolates of C. albicans was determined by H. J. Scholer and P. L. Williams. Serial threefold to tenfold dilutions of fungal inocula were injected into six-week-old male CD-1 mice in several experiments, intravenously or intraperitoneally in groups of 5-10 mice. An avirulent strain was defined as one whose LDS0 by the intraperitoneal route was 2 1 x lo9 organisms and whose LD,, by the intravenous route was 2 3 x lo8 organisms. A virulent strain was defined as one whose LD,, by the intraperitoneal route was 5 1 x 10s cells and LD,, by the intravenous route was 5 1 x lo6 organisms. The isolates were grown under identical conditions for the inocula in these studies.
For the growth studies, the strain of yeast used was the clinical isolate of C. albicans described previously (Loose et ul., 1981 ; , here designated stn-1. The growth of C. albicans was assessed by a turbidimetric technique described by Galgiani & Stevens (1976) . An inoculum of 1 x lo5 cells per ml YNB with 0.5% glucose was cultured in the presence of the indicated steroids in ethanol or the same volume of ethanol alone (final concentration 0.1 %). Steroid concentrations assayed were loph, and 10-lo M. Growth was assessed spectrophotometrically at 600 nm two or three times per day, until plateau phase was reached. Ethanol had no effect on the growth of the organism at the concentrations used.
For studies of conversion of C. albicans yeast phase to filamentous forms, C. albicans yeast-form (isolate Sh27) cultures were grown in YNB to plateau phase and held for 24 h at 30 "C. The cells were then washed and resuspended at a density of 5 x 106ml-' in RPMI 1640 medium (Gibco, Grand Island, N.Y., U.S.A.). Incubation at 37 "C, led to the initiation of germ tubes, defined as elongated forms larger than the diameter of the parent body. Samples (50 pl) were removed at 30 min intervals, Giemsa-stained slides were prepared (Lehrer, 1970) , and 200 cells were counted to enumerate yeast forms and filamentous forms.
For studies of glucose oxidation, C. albicans yeast form (isolate stn-1) was grown as described above for 24 h in medium containing M-corticosterone, progesterone, dexamethasone or ethanol vehicle. The rate of glucose oxidation over a 1 h period was determined by measuring the oxidation of ~-[U-"C]glucose to I4CO2 (Munck & Zyskowski 1975) .
Saccharomyces cereuisiue strain X2180-1B (a mating type) and strain X2180-1 A (a mating type) were gifts from Dr Seymour Fogel, University of California, Berkeley. Both a and a haplotypes as well as the diploid a/a were studied. This organism was routinely grown in YNB broth supplemented with glucose (20 g 1-I). Organisms were grown for 24 h in a shaking water-bath at 30 "C and harvested as described for Candidu. Neurospora crassa strain bd-csp was a gift from Dr Dow Woodward, Stanford University. The spores grown from these cells as well as the mycelial form of this organism were studied. Spores were harvested after 9 d from a culture of X , crassa in Vogel's salts with 1.5% sucrose and 1 .S% agar. Spores were washed with distilled water, collected by filtration and broken by agitation with glass beads. The mycelium form of this organism was grown in the same medium, except the agar was omitted. The mycelium was allowed to grow for 3 d before harvesting.
Paracoccidioides brasiliensis, a recent clinical isolate from Colombia, was maintained in the yeast form on agar. Cells were grown in modified McVeigh Morton medium on a gyratory shaker at 35 "C. Yeasts were harvested after 2 weeks. Contamination of cultures was excluded by sub-culture on to blood agar plates before harvesting.
Assay yf'rhefungal binding protein. Details of the method for assay of [3H]corticosterone binding to CBP have been published previously (Loose . In brief, cells were harvested, washed with saline and suspended in a homogenizing medium containing 250 mM-sucrose, 10 mM-Tris, 10 mM-sodium molybdate, 1.5 mM-EDTA and 12 mM-monothioglycerol, pH 7.8. Cells were disrupted by vigorous agitation with glass beads on a vortex mixer. The lysate was centrifuged at 204000g for 30 min to prepare a cytosol fraction. Binding studies were performed with this cytosol preparation using conditions previously shown to provide peak steady-state binding.
[3H]Corticosterone was incubated with fungal cytosol for 3 h at 0 "C. Bound hormone was separated from free hormone using G-50 Sephadex minicolumns which were made just prior to the experiment and matched for flow rate. In all experiments non-specific binding was assessed by addition of a 250-fold molar excess of radioinert corticosterone to parallel incubations of identical samples. Specific binding was calculated by subtracting nonspecific binding from total binding. In some cases, cytosol was incubated with increasing concentrations of [3H]corticosterone and the results analysed by the method of Scatchard (1949) . This analysis yielded the apparent dissociation constant ( K d ) and the N,,, or maximum binding capacity. If protein concentration was low (<0.25 mg ml-', final concentration) due to difficulties in cell growth or in disruption of the cells, single point analysis of [3H]corticosterone binding at 26 nM was performed. This concentration should saturate the binding protein, but some underestimate of total binding capacity is inevitable using this technique, especially when attempting to measure a binding site with a low affinity.
R E S U L T S
Distribution of CBP in Candida species
The distribution of CBP was examined in a series of C. albicans isolates including both A and B serotypes. The isolates were assessed for virulence in concurrent in vivo experiments in mice (Table 1 ). By the criteria described in Methods, two isolates were of low virulence and six were of high virulence. CBP was present in all isolates. The apparent dissociation constant ( K d ) or affinity of [3H]corticosterone for CBP varied between 8 and 19 nM. This value is similar to the Kd found in mammalian steroid-binding systems. On the other hand, the maximal binding capacity varied over a very wide range: 122 to 2414 fmol (mg protein)-'.
We then determined whether CBP was limited to C. albicans or whether it was distributed in multiple Candida species. At present this genus contains 81 member species (VanUden & Buckley, 1970) of which about 30% are associated with man (Hurley, 1980) . The results of the limited survey we performed are summarized in Table 2 . Of the six species tested (including C. stellatoidea, which some yeast taxonomists currently hold to be synonymous with C. albicans), all possessed CBP but in quite variable amounts. The range of measured dissociation constants in this series was 6-38 nM. Candida guilliermondii had the highest level of binding capacity of the species examined, in excess of 6500 fmol mg-l. The apparent dissociation constant in this species was 38 nM. One strain of C. tropicalis, listed as djs-1 failed to bind [3H]corticosterone. This strain has been examined under three different conditions of growth: as a cell suspension in two different liquid media (YNB and Brain Heart Infusion), and on agar, and has never displayed any specific binding. Careful biochemical examination of these cells has confirmed their identification as C. tropicalis (Silva-Hutner & Cooper, 1980) . The other strain of C. tropicalis thus far studied (das-1) possessed a [3H]corticosterone-binding protein, although with a relatively low binding capacity. In some experiments the two C. tropicalis isolates were cultured under identical conditions on the same day, and the binding studies performed concurrently. These studies confirmed the presence of CBP in one strain and its absence in the other.
To better illustrate the range of the binding parameters found, Scatchard plot analyses of CBP from three of these species are compared with that for the original C. albicans strain (stn-1) previously reported (Loose et al., 1981) and the data are presented in Fig. 1 . These four species represent the upper and lower limits of the observed binding capacities and affinities. In all cases where specific binding has been detected, the Scatchard plots appear linear suggesting a single class of binding sites. The clearly different slope of the line calculated from the C. guilliermondii data shows no indication of the presence of a higher affinity component. The affinities varied by about sixfold (excluding the djs-1 strain of C. tropicalis, which had no bind i ng ) .
In our initial description of the C. albicans CBP, yeasts were grown for 24 h on agar (Loose et al., 1981) . Binding parameters observed under these conditions were a Kd of 7.2 & 0.5 nM with a binding capacity of 732 2 73 fmol mg-l. When the same strain is grown in YNB liquid medium, there is a reduction in the binding capacity (225 fmol mg-') and no significant change in affinity (6.5 nM) (Fig. 1) . Table 1 
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. [3JjlC~rticosterone binding in various isolates of Candida albicans
Binding parameters were determined by Scatchard analysis. In those strains where the protein yield was low, binding capacity was estimated using a single point analysis at 26 n~-[~H]corticosterone. In those cases a Kd measurement was not determined (ND). Virulence was assessed by intravenous and intraperitoneal injection of the fungus into mice as described in Methods. Candida albicans stn-1 was grown in YNB broth with 0.5% glucose containing M of the indicated steroid hormones and optical density was monitored by a spectrophotometer at 600 nm. Concentrations of and 10-lo M steroid also had no effect. 0, Control; A, dexamethasone; 0 , corticosterone;
A, progesterone.
Distribution of CBP in other fungi Several forms of Saccharomyces cerevisiae were assessed for CBP. The two haplotypes of this organism, a cells and u cells, displayed no [3H]corticosterone binding (i.e. there was no difference between total and non-specific binding). The a/a diploid form also failed to exhibit specific binding of the radioprobe. Both the spores and the mycelial form of Neurospora crassa were examined for CBP and neither displayed specific binding. In some experiments with this organism there was a trace (-10 fmol mg-l) of specific binding, but when full kinetic analysis was performed, no saturable binding could be demonstrated. The third genus we tested was Paracoccidioides. The species examined was P. brasiliensis, a pathogen endemic in Latin America (Pena, 1967) . No [3H]corticosterone binding was evident in this organism.
Lack of efect of corticosteroids on C. albicans cell growth, metabolism and phase conversion
We hypothesize that CBP represents a primitive hormone receptor which binds an endogenous message molecule. If this is the case, it is not yet clear what aspects of fungal physiology are regulated by CBP. We attempted to determine whether corticosteroids active in mammalian systems and which bind to CBP (Loose et al., 1981 ; would modulate the basic processes of fungal cell growth. Candida albicans strain stn-1 was cultured in the presence of three different steroids (corticosterone and progesterone, two potent binders, and dexamethasone, a weak binder to CBP) and the results were compared to controls. No effect on cell growth was observed with concentrations of 1 x M (Fig. 2) . Three points can be made from these data: (1) the steroids tested do not cause a change in the time to the onset of exponential growth, (2) there was no change in the rate of exponential growth, implying no change in the length of the cell cycle, and (3) there was no change in the cell concentration at plateau phase after treatment. No effects were detected with the two lower steroid concentrations (1 x Corticoid hormones might, in the host, affect conversion of the yeast form of C. albicans, the form found during colonization, to the elongated hyphal or pseudohyphal form. The latter form has been associated with tissue invasion (Mariat, 1964) , and host resistance to C. albicans invasion is impaired by pharmacological doses of corticosteroids (Frenkel, 1962) . We investigated this possibility by testing whether high corticosterone concentrations would affect the rate and 1 x 10-lOM).
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of conversion in vitro. No steroid effect on phase conversion was detected. We found that of M-corticosterone-treated yeast cultures, OX, 34%, and 77 % converted to filamentous forms during 30, 45 and 60 min incubation, respectively. This was indistinguishable from controls (2%, 33% and 76%, respectively). Two other experiments showed similar results.
The ability of the same mammalian steroids to alter [ 14C]glucose oxidation to I4CO2 was also examined in C. albicans stn-1. After 4 h of steroid treatment no effects were detected.
DISCUSSION
We have postulated that Candida CBP might represent a primitive hormone-receptor system (Loose et al., 1981 ; . Since the protein has a high affinity for mammalian corticosteroids, circulating host hormones could achieve substantial occupancy of the fungal binding site, possibly altering Candida pathogenicity or other properties. The current study was undertaken to determine the distribution of this binding protein in several C. albicans isolates, other Candida species, and other fungi, and to attempt to determine a function of the hypothesized fungal hormone-receptor system.
Of four fungal genera thus far examined, only Candida possesses CBP. The binding protein was found in Candida species known to be pathogenic for man and in others which are rarely pathogenic for man, and then only in an opportunistic setting. No specific binding was detected in Sacch. cerevisiae or N . crassa, two non-pathogenic fungi. Paracoccidioides brasiliensis was studied to determine if CBP is present in other yeasts which are pathogenic in man. Since P. brasiliensis also fails to bind [3H]corticosterone, no such association is apparent. These findings do not imply that these organisms are devoid of any steroid-binding proteins; in fact both Sacch. cerevisiae and P. brasiliensis (Feldman et al., 1983) possess binding proteins which exhibit high affinity for oestradiol. However, CBP does not appear to be present in all fungal genera; thus far, the protein seems to be specific for Candida.
The examination of various Candida species revealed some interesting results. All six species tested were found to possess CBP, but the binding capacity varied markedly (80-6500 fmol mg-l). The binding affinity for [3H]corticosterone varied to a lesser degree (6-38 nM). One strain of C. tropicalis failed to bind [3H]corticosterone. This strain will provide an ideal control in further studies of CBP-positive strains. The isolates of C. albicans tested were assessed for virulence by intraperitoneal and intravenous injection into mice. No correlation was found between virulence of C. albicans in vivo and the binding capacity or affinity of CBP. These data suggest that CBP may be specific to Candida, but that it is found in many species and strains within the genus and is unrelated to virulence.
Our hypothesis that CBP represents a receptor system in Candida requires that ligand binding should initiate a function in the yeast. We have not yet isolated the fungal endogenous ligand in pure form or in sufficient quantity to test it for activity. However, a corollary of our hypothesis is that mammalian hormones, by virtue of their ability to bind to CBP, might also influence Candida functions. We have been able to demonstrate that [3H]corticosterone added to the medium can enter intact yeast and specifically occupy CBP sites (data not shown). In the three functions tested thus far no steroid activity was discernible. The lack of an action in these three assays does not, of course, exclude the possibility that mammalian hormones may regulate other functions in Candida.
In summary, we have demonstrated the existence of a specific, high affinity corticosteroidbinding protein in several Candida species. These data indicate that the presence of CBP does not correlate with either the virulence of the organism or serotype. Also, the mammalian corticosteroids which bind to the fungal CBP apparently do not simply modify the in vitro growth of the organism. The functions mediated by this protein remain to be determined and may ultimately require investigation employing the endogenous ligand extracted from Candida. Further studies are in progress to elucidate both the role of this protein in Candida and its possible interaction with circulating steroid hormones in the mammalian host.
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